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The Moon i s  our nearest source o f  e x t r a t e r r e s t r i a l  mater ia l ,  which we 
It takes only 
w i l l  need f o r  expanding i n d u s t r i a l  a c t i v i t i e s  i n  space e a r l y  i n  the coming 
century. Our expanding i n d u s t r i a l  base w i l l  requi re  increas ing ly  la rge  
s t ructures and increasing q u a n t i t i e s  o f  propel lants  i n  space. 
a small f rac t ion  as much energy t o  l i f t  mater ia l  from the Moon's surface t o  
low-Earth o r b i t  as t o  l i f t the same amount o f  mater ia l  from Earth. Economy 
d i c t a t e s  t h a t  the Moon would be a cheaper source f o r  construct ional  
mater ia ls  and propel lants  than Earth i s  i f  we can f i n d  needed raw mater ia ls  
there and develop s u f f i c i e n t l y  inexpensive methods t o  e x t r a c t  and use them. 
We s t i l l  do no t  know the f u l l  range o f  ava i lab le  resources on the Moon, 
b u t  we do know t h a t  Moon, because o f  i t s  dearth o f  water, f r e e  oxygen, and 
other gaseous materials, d i d  n o t  produce the same kinds o f  ores we are 
accustomed to using on Earth. Nevertheless, c m o n  lunar rocks are r i c h  i n  
oxygen, s i l i c o n ,  i ron,  aluminum, magnesium, calcium, and, i n  some cases, 
t i tanium. 
develop appropr iate technologies f o r  ex t rac t ing  these elements. 
a t t r a c t i v e  means o f  wrest ing useful  raw mater ia ls  from lunar  rocks. 
requi res only heat to mel t  the s o i l  or  rock and e l e c t r i c i t y  to e lec t ro lyze  
it, and both can be developed from solar  power. 
lunar surface h a l f  the tilire and i n  o r b i t  near ly  f u l l  time. There are no 
a l t e r n a t i v e  sources o f  power present on Moon's surface o r  i n  o r b i t .  Nor 
does Moon have water, or  reducing agents such as coal, o r  expendable 
reagents as are ava i lab le  on Earth. 
amounts o f  expensive materials, we must learn how t o  use sun l igh t  and lunar 
rock as the basis f o r  a const ruct ional  indust ry  i n  space and t o  provide 
prope l lan t  and mater ia ls  f o r  l i f e  support. 
I n  e lec t ro lys is ,  we pass e l e c t r i c a l  cur ren t  between two electrodes. A t  
one, the anode, a chemical element i n  i o n i c  form i s  oxidized t o  elemental 
form. For example, oxygen bound i n  the s i l i c a t e  o f  1 m a r  rocks would be 
oxidized to oxygen gas, a des i rab le product f o r  propel lent .  Simultaneously 
a t  the other electrode, the cathode, a m e t a l l i c  ion, f o r  example, i r o n  ion, 
i s  reduced to the m e t a l l i c  form. I r o n  metal i s  a lso p o t e n t i a l l y  a very 
usefu l  product f o r  const ruct ion i n  space. I f  i r o n  metal were cheap, we 
could use i t  i n  space i n  ways i n  which we use other elements on Earth; i r o n  
might become the p r i n c i p a l  e l e c t r i c a l  conductor. Prel iminary experiments 
show t h a t  both i r o n  and oxygen can f a i r l y  e a s i l y  be obtained by e l e c t r o l y s i s  
o f  molten s i l i c a t e s ,  inc lud ing simulated lunar lavas, on the small scale of 
laboratory  condit ions. 
Lunar lavas have mel t ing temperatures between 1100 and 1200 degrees 
Celsius, so we must e lec t ro lyze  them a t  h igh temperature. 
temperature to above 1535 degrees, the i r o n  i s  produced i n  the molten s ta te  
and sinks t o  the bottom o f  the e l e c t r o l y t i c  c e l l ,  from which we could tap i t  
off  for cast ing of parts, drawing o f  wire, and ext rus ion i n t o  beams or  rods. 
e l e c t r i c a l  energy passing through the c e l l  must y i e l d  the desired products 
by the oxidat ion-reduct ion process. 
occurs by t ranspor t  of e lect rons through wires. 
f o r  i t  t o  occur mainly through t ranspor t  o f  negat ively charged ions toward 
This i s  adequate for a considerable industry,  provided t h a t  we 
E l e c t r o l y s i s  o f  m o l t e .  !mar s o i l  or  rock i s ,  i n  p r inc ip le ,  an 
It 
Sunl ight  i s  abundant on the 
To avoid the expense o f  import ing la rge  
I f  we r a i s e  the 
I n  order f o r  e l e c t r o l y s i s  t o  be e f f i c i e n t ,  a h igh f r a c t i o n  o f  the 
E l e c t r i c a l  cur ren t  outside the c e l l  
Insfde the c e l l ,  we need 
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the anode and p o s i t i v e l y  charged ones toward the cathode. These ions are 
the s i l i c a t e  and metal ions o f  the molten rock. 
current  between the mel t  and the external  por t ion  o f  the c i r c u i t  t o  occur 
mainly by the oxidat ion-reduct ion processes. The ox idat ion o f  each oxygen 
a t  the anode releases two electrons t o  the electrode and i t s  wire lead; 
reduct ion removes two e lect rons from the cathode and i t s  wi re lead and 
pldces them on an i o n  of i ron.  This enables the movement o f  e lect rons from 
the anode t o  the cathode through the wires o f  the outside p o r t i o n  of the 
e l e c t r i c a l  un i t .  
I f  the ions o f  the inel t  are too d i f f i c u l t  to move, i.e., i f  the s i l i c a t e  
mel t  has a low e l e c t r i c a l  conduct iv i t y  (a high e l e c t r i c a l  resistance),  a 
high voltage w i l l  be required t o  pass current  through the melt. That would 
r e s u l t  i n  high energy loss  as heat (analogous t o  the high-resistance wi re i n  
a &aster) .  Thus, we have t o  know the conduct iv i t ies  o f  c m o n  lunar 
mater ia ls  when they have been melted. 
m o b i l i t i e s  o f  the ind iv idua l  ions t h a t  make up the melts. To gain a 
theore t ica l  understanding o f  the contr ibut ions o f  the d i f f e r e n t  ions o f  the 
melts, we must measure conduct iv i t ies  before there has been any s i g n i f i c a n t  
migrat ion o f  negative ions toward the anode and p o s i t i v e  ions toward the 
cathode. 
resistance o f  the mel t  r e l a t i v e  t o  t h a t  o f  the p e r f e c t l y  mixed state. 
make these measurements using a l t e r n a t i n g  current, which r a p i d l y  changes the 
anode t o  a cathode and v ice  versa, then back again, many times. This 
switching precludes much separation o f  the ions. To simulate the condi t ion 
o f  an e l e c t r o l y t i c  c e l l ,  we must make our measurements using d i r e c t  current,  
so tha t  the anode and cathode must r e t a i n  constant i d e n t i t i e s  and separation 
o f  ions does occur. 
causes as p a r t  of ;he energy cost  o f  doing e lec t ro lys is .  
Our e a r l y  experiments showed t h a t  rocks r i c h  i n  the mineral i l m e n i t e  
produced melts w i th  much higher conduct iv i t ies  than d i d  those low i n  
i lmeni te.  
obtained j u s t  by c o n t r o l l i n g  the amounts o f  i lmen i te  present. 
the chemical formula FeTiO , and i s  thus r i c h  i n  both i r o n  and t i tanium.) 
Since i lmen i te  i s  p lent i fu!  on the Moon, t h i s  would seem t o  be a great  
convenience i n  design o f  c e l l s  f o r  e l e c t r o l y s i s .  
can be separated from each other by several centimeters distance, then a 
c e l l  can be e a s i l y  designed. 
them, the resistance to passing e l e c t r i c a l  current  increases, and the higher 
the conduct iv i ty  we need t o  maintain e f f i c i e n t  use o f  e l e c t r i c a l  energy. 
Our a b i l i t y  to contro l  conduct iv i t ies  turns out  not  to be as useful  as 
desired, however, f o r  a l lowing convenient design o f  e l e c t r o l y t i c  c e l l s .  I t  
has been known f o r  several years t h a t  some s i l i c a t e  melts have the 
proper t ies o f  semiconductors; i .e., they a l low some e lec t ron ic  conduction a t  
even low voltages. The add i t ion  o f  i lmen i te  increased the semiconductivi ty 
o f  our simulated lunar rock melts. The d i r e c t  passage o f  e lect rons through 
the melt  i n  t h i s  manner does not  cont r ibute t o  e l e c t r o l y s i s .  It f u r t h e r  
heats the mel t  and i n e f f e c t i v e l y  uses up p a r t  o f  the e l e c t r i c a l  energy. 
To evaluate the magnitude o f  the problem, we measured the conduct iv i t ies  
o f  the simple s i l i c a t e ,  diopside, MgCaSi 0 . Then we added t o  i t  e i t h e r  
i r o n  oxide or  t i tan ium oxide t o  d e t e r m i d  the e f f e c t  on the conduct iv i ty .  
The t i tan ium produced only  the e f f e c t  expected f o r  i o n i c  conduction. The 
i ron,  however, brought about substant ia l  e lec t ron ic  conduction. The e f f e c t  
of the i r o n  was so great  that, i f  molten lunar rocks behaved i n  the same 
way, t h e i r  e l e c t r o l y s i s  would be i n e f f i c i e n t  indeed! Fortunately, lunar  
We need f o r  the t rans fer  o f  
Conduct iv i t ies  are r e l a t e d  t o  the 
That i s  because the net  se?aration o f  charged ions increases the 
We 
Ne have t o  accept the increased resistance t h a t  t h i s  
We found t h a t  melts w i th  a wide range o f  conduct iv i t ies  could be 
( I l m e n i t e  has 
I f  the anode and cathode 
However, as we increase the distance between 
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rocks have more complex compos4 t i o n s  than diopside, making e l e c t r o l y s i s  
possible. 
We measured the conduct iv i t ies  o f  simulated lunar lavas and the 
f rac t ions  r e s u l t i n g  from i o n i c  and e lec t ron ic  conduct iv l  t ies .  The simulated 
basa l t  had an AC conduct iv i ty  near ly  a fac to r  o f  two higher than t h a t  o f  
diopside, r e f l e c t i n g  the basa l t ' s  s l i g h t l y  higher t o t a l  concentrat ion of the 
2+ ions Ca, Mg, and Fe t h a t  are the dominant charge car r ie rs .  E l e c t r o l y s i s  
experiments, i n  which the cathode was weighted t o  measure d i r e c t l y  the 
e f f i c i e n c y  of e lec t ro lys is ,  showed t h a t  e l e c t r o l y s i s  was about 30% e f f i c i e n t  
fo r  the basal t  composition. 
from comparing AC and DC conduct iv i t ies .  
w i th  pure l i q u i d  i lmeni te,  FeT4O , suggest e l e c t r o l y s i s  e f f i c i e n c i e s  of 
about 20%, wh'le an equal mixtur2 o f  basa l t  and i lmen i te  has an e f f i c i e n c y  
o f  less than 5%. 
As a r e s u l t  o f  these experiments, we have shown t h a t  the f r a c t i o n  o f  
i o n i c  conduct iv i ty  remains high enough t h a t  we can s t i l l  expect t o  be able 
t o  e lect ro lyze lunar lavas w i t h  reasonable e f f i c i e n c y  t o  produce oxygen and 
i ron.  Cel l  design i s  more o f  a problem t h a t  we might prefer,  however, 
because melts o f  on ly  medium conduct iv i ty  can be used. We now understand 
t h a t  i r o n  i s  the principal cont r ibu tc r  t o  the e lec t ron ic  conduct iv i t y  and 
can seek ways of obtain'ng higher conduct iv i t ies  wi thout  using i r o n - r i c h  
m i  neral  s. 
T h i s  value agrees w i t h  an estimate obtained 
Results o f  s i m i l a r  experiments 
